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The strong nuclear interaction is probed at short-distance and high-momenta using new mea-
surements of the 12C(e, e′p) and 12C(e, e′pn) reactions, at high-Q2 and xB > 1. The data span a
missing-momentum range of 300–850 MeV/c and is predominantly sensitive to the dominant proton-
neutron short-range correlated (SRC) pairs and complements previous 12C(e, e′pp) measurements.
The data are well reproduced by theoretical calculations using the Generalized Contact Formalism
with both chiral and phenomenological nucleon-nucleon (NN) interaction models. This agreement,
observed here for the first time, suggests that the measured high missing-momentum protons up to
850 MeV/c belonged to SRC pairs. The measured 12C(e, e′pn) / 12C(e, e′p) ratio is consistent with
a decrease in the fraction of proton-neutron SRC pairs with increasing missing-momentum. This
confirms the transition from an isospin-dependent tensor NN interaction at ∼ 400 MeV/c to an
isospin-independent scalar interaction at high-momentum around ∼ 800 MeV/c.
High momentum-transfer electron- and proton-
scattering measurements [1–10], as well as many-body ab
initio calculations [11–18], have shown that nucleons in
the nuclear ground state form temporary pairs with large
relative momentum and smaller center-of-mass (CM)
momentum. These are called Short-Range Correlated
(SRC) pairs [19, 20]. The existence and characteristics of
SRC pairs are related to outstanding issues in particle,
nuclear, and astrophysics, including the modification
of the internal structure of nucleons bound in atomic
nuclei (i.e., the EMC effect) [20–26], matrix elements
used to interpret searches for neutrinoless double beta
decay [27–33], scale separation and factorization of
many-body nuclear wavefunctions [34–42], nuclear
charge radii [43], and the nuclear symmetry energy
governing neutron star properties [44–47].
A well-established feature of SRC pairs is the predomi-
nance of pn-SRC pairs in the missing momentum range of
300–600 MeV/c [1–8]. The cause is understood to be the
preference of spin-1 pn-pairs by the tensor part of theNN
interaction, which is much stronger than the scalar part
of the interaction at these missing momenta [11, 12, 48].
At higher missing momentum the scalar repulsive core
of the NN interaction should become much more impor-
tant and increase the fraction of proton-proton (pp) SRC
pairs [5, 10, 19, 20]. Quantifying this tensor-to-scalar
transition provides valuable insight into the nature of the
strong nuclear interaction at short-distances, which de-
termines the properties of dense astrophysical systems
such as neutron stars.
Such a transition was recently reported in measure-
ments of the 12C(e, e′p) and 12C(e, e′pp) reactions, where
the fraction of two-proton knockout events was observed
to increase as a function of missing momentum [10]. How-
ever, this interpretation in terms of the underlying NN
interaction assumed (1) that all high missing-momentum
protons belonged to 2N -SRC pairs, and (2) reaction ef-
fects were properly accounted for, primarily (n, p) single-
charge exchange (SCX) processes. Even modest SCX
can significantly distort the (e, e′pp) reaction due to the
predominance of pn-SRC pairs, because the observed
(e, e′pp) events can originate from pn-SRC pairs in which
the neutron undergoes SCX. Therefore, while experimen-
tally simpler, SRC measurements via the (e, e′pp) reac-
tion are subject to sizable model-dependent corrections
and are based on an assumption of SRC dominance that
has not yet been proven for momenta above 600 MeV/c.
Here we present the results of a direct measurement of
pn-SRC pairs using the 12C(e, e′pn) and 12C(e, e′p) reac-
tions, which are minimally sensitive to SCX corrections
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FIG. 1: Background-subtracted angular correlation between
~pmiss and ~precoil for data events passing
12C(e, e′pn) cuts
(points), compared with GCF predictions based on the AV18
and N2LO NN interactions (bands).
due to the small fraction of initial-state pp-SRC pairs.
Combined with existing 12C(e, e′pp) data [10] and the-
oretical calculations using the Generalized Contact For-
malism (GCF) [37, 38, 42, 49], we establish the 2N -SRC
dominance of the measured reactions and the observation
of a scalar repulsive interaction at short distances.
The analysis is based on data collected in 2004 in
Hall B of the Thomas Jefferson National Accelerator
Facility (Jefferson Lab) in Virginia, USA, and were re-
analyzed as part of the Jefferson Lab data-mining ini-
tiative [50]. A 5.01 GeV electron beam was directed on
deuterium, carbon, aluminum, iron, and lead targets [51].
Due to statistical limitations, only carbon data are pre-
sented here. The CEBAF Large Acceptance Spectrom-
eter (CLAS) [52] was used to detect the scattered elec-
trons, knocked-out protons, and recoil neutrons.
CLAS utilized a toroidal magnetic field and six in-
dependent sets of drift chambers (DCs) [53], time-
of-flight (TOF) scintillation counters [54], Cherenkov
counters (CCs) [55], and electromagnetic calorimeters
(EC) [56] for charged particle detection and identifi-
cation. Charged particle momenta were inferred from
their reconstructed trajectories within the magnetic field.
Electrons were identified by requiring a signal in the CC,
as well as a characteristic energy deposition in the EC.
Protons were identified through correlations between mo-
mentum and flight time. The TOF and DC polar angular
acceptance was 8◦ ≤ θ ≤ 140◦ and the azimuthal angu-
lar acceptance ranged from 50% at small polar angles
to 80% at larger polar angles. The EC and CC polar
angular acceptance was limited to < 45◦.
Neutrons with momenta of 200–1000 MeV/c were de-
tected in the TOF counters by requiring a hit with en-
ergy deposition above threshold (nominally 8 MeVee),
no matching charged-particle track in the drift chambers
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FIG. 2: Background-subtracted missing mass (top) and
missing energy (bottom) distribution for data events passing
the 12C(e, e′pn) selection cuts (points), compared with GCF
predictions based on the AV18 and N2LO NN interactions
(bands).
and a TOF that corresponds to β < 0.75. We only con-
sidered hits reconstructed inside a fiducial region that
excluded 10 cm from the ends of all scintillator pad-
dles. Our results are not sensitive to the exact use of
10 cm. Neutron momenta were determined by time-of-
flight, with a typical resolution of 25–40 MeV/c.
The neutron detection efficiency was determined us-
ing the over-constrained d(e, e′p)n and d(e, e′pn) reac-
tions. The efficiency was extracted for different TOF
energy deposition thresholds in the range of 4–10 MeVee
and as a function of the recoil neutron momentum de-
termined by the d(e, e′p)n reaction. For momenta above
400 MeV/c, the typical efficiency was 4–5%. Between 200
and 400 MeV/c, the efficiency was somewhat lower, ap-
proximately 2–3%. We verified that the charged particle
veto efficiency, using the DC tracking system, results in a
negligible fraction of identified neutrons that are in fact
charged particles that were not reconstructed in the DC
tracking system. See online supplementary materials for
additional details on the neutron identification, detection
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FIG. 3: Left: The measured fractions of triple coincidence events (C(e, e′pN)/C(e, e′p)), compared with GCF predictions
accounting for the variety of effects that influence the measurement (e.g. CLAS detector acceptance, efficiency, and resolution,
FSIs including SCX, and the event-selection procedure). The C(e, e′pp)/C(e, e′p) data (blue triangles) are taken from Ref. [10],
while the C(e, e′pn)/C(e, e′p) data (red circles) are from this work. Right: The GCF prediction for the ground-state fractions
of pn and pp pairs as a function of pair relative momentum, calculated using the AV18 and N2LO NN interactions. The dashed
line marks the scalar limit, see text for details. The width of the GCF calculation bands shows their 68% confidence interval
due to uncertainties on the model parameters.
efficiency, and momentum reconstruction resolution.
Similar to previous SRC studies [6–10], we considered
events with scattered electron kinematics of Q2 ≡ |~q|2 −
ω2 > 1.5 GeV2/c2 and xB ≡ Q2/2mNω > 1.1, where mN
is the nucleon mass, while ~q and ω are the 3-momentum
and energy transferred to the nucleus by the electron,
respectively. Assuming the electron scatters from a single
nucleon that does not reinteract as it leaves the nucleus
with momentum ~pf , the initial nucleon momentum ~pi
can be approximated as equal to the measured missing-
momentum: ~pi ≈ ~pmiss ≡ ~pf − ~q.
If the struck nucleon is part of a 2N -SRC pair, we
interpret the reaction through the SRC break-up model
where a correlated partner nucleon is assumed to exist
as an on-shell spectator carrying momentum ~precoil. For
an SRC pair with center-of-mass momentum ~pCM ≡ ~pi+
~precoil, the residual A − 2 system will carry momentum
−~pCM , and may carry excitation energy denoted here by
E∗. We also define the missing energy, Emiss ≡ mN −
mA +
√
(ω +mA − Ef )2 − p2miss, where mA is the mass
of the target nucleus and Ef is the energy of the leading
proton detected in the final state.
Following previous works [6–10], we selected 12C(e, e′p)
events in kinematics where the dominant reaction is
the scattering off SRC pairs. Specifically, 12C(e, e′p)
events were required to have xB > 1.1 which sup-
presses contributions from isobar currents, 300 < pmiss <
1000 MeV/c that enhances contributions from interac-
tions with high initial momentum nucleons, an angle be-
tween ~pf and ~q smaller than 25
◦, 0.62 < |~pf |/|~q| < 0.96
that allows identifying a leading nucleon, and Mmiss ≡
√
(qµ − pµf + 2mN )2 < 1.1 GeV/c2 that suppress reso-
nance productions.
Triple coincidence 12C(e, e′pn) events were selected
from the 12C(e, e′p) event sample by requiring a neu-
tron candidate in the TOF counters. We only considered
neutrons with momentum between 300 and 1000 MeV/c.
The triple coincidence signal sits on top of a similar-size
uncorrelated random background. This background is
uniformly random in neutron hit time, allowing it to be
estimated from off-time neutrons and subtracted. More
details on the event selection and background subtraction
can be found in the online supplementary materials.
Figure 1 shows the cosine of the angle between ~pmiss
and ~precoil for
12C(e, e′pn) events after random coinci-
dence background subtraction. While the recoil neutron
selection criteria do not place any angular requirements,
the measured distribution shows the back-to-back corre-
lation characteristic of SRC breakup events.
The measured distributions are compared to theoret-
ical predictions based on the GCF [37, 38, 42, 49] us-
ing the local AV18 [57] and N2LO(1.0) [58] NN interac-
tion models. The GCF assumes scale-separation between
the short-distance interactions within an SRC pair, and
the long-range interactions between the pair and the rest
of the nucleus, as well as their mutual separation from
the ultra-short distance scale associated with the high-
energy virtual photon probe. This scale separation per-
mits a factorized approximation for describing the scat-
tering cross-section, in which the hard break-up of an
SRC pair proceeds via a reaction in which the virtual
photon is absorbed by a single nucleon in an SRC pair,
5knocking it out of the nucleus and leaving its correlated
partner nucleon to recoil from the nucleus.
Several ingredients are necessary to construct the GCF
cross-section [49]. We used the off-shell electron-nucleon
cross-section from Ref. [59]. GCF parameters describ-
ing SRC pairs in the nuclear ground state are the same
as in Ref. [10] and include the fraction of SRC pairs in
different spin-isospin channels (known as nuclear con-
tacts) [37, 38, 42], the characteristic width of the SRC
pair CM momentum distribution [9], and the possible
excitation range of the residual A − 2 nuclear system
E∗. Additionally, we accounted for Final State Inter-
actions (FSIs) including Single Charge Exchange (SCX)
and nuclear transparency using the Glauber approxima-
tion from Ref. [60], which was previously shown to well-
reproduce experimental data [61–63].
To compare the GCF calculations with our data, we
used Monte Carlo integration to convolute the calculated
cross-sections through a model of the CLAS detector,
which included acceptance, efficiency and resolution ef-
fects. We applied the same event selection criteria as the
ones applied to the data. This allows a direct comparison
of the theory to the data, leaving all model-dependent
assumptions on the calculation alone. See ref. [49] for
details.
Systematic uncertainties associated with the GCF pre-
dictions were estimated by repeating the theoretical cal-
culations with randomly sampled model parameters from
a distribution centered around the parameter’s nominal
value with a width defined by its uncertainty. We also
varied the momentum resolutions for electrons, protons,
and neutrons in CLAS based on their uncertainties and
used two prescriptions for the off-shell electron-nucleon
cross-section known as cc1 and cc2 from Ref. [59].
Figure 2 shows the background-subtracted distribu-
tions of Mmiss and Emiss for
12C(e, e′pn) events, com-
pared with the GCF calculations. The width of the GCF
band represents a 68% confidence interval associated with
the uncertainties due to the model parameters. Both
measured distributions are well-reproduced by the calcu-
lation.
The resulting 12C(e, e′pn) / 12C(e, e′p) yield ratio as
a function of pmiss is shown in Fig. 3 (left panel), com-
pared with GCF calculations. The data error bars show
the quadratic sum of the statistical uncertainty and the
systematic uncertainty. The latter is dominated by un-
certainties in the determination of the absolute neutron
detection efficiency (see online supplementary materials
for details). The GCF calculations agree well with the
data over the missing momentum range probed by this
study using either NN potential. This agreement of the
cross-section ratios supports the validity of the GCF de-
scription of the ground state.
The underlying ground-state fraction of pn-SRC pairs
relative to all pp- and pn-SRC pairs from the same GCF
calculation is shown in Fig. 3 (right panel) as a function of
pair relative momentum. The pn-SRC fraction is 100%
at pmiss ≈ 400 MeV/c and decreases to about 70% at
pmiss ≈ 800 MeV/c, showing the transition from tensor
to scalar dominance.
The complete np-SRC dominance at 400 MeV/c is
caused by a dip in the pp wave function, which is
absent for spin-1 pn pairs due to the tensor interac-
tion [11, 12, 48]. The 70% fraction at large relative mo-
menta is consistent with simple pair counting due to a
purely scalar NN interaction. In a symmetric nucleus
such as 12C, scalar interactions lead to equal abundance
of pairs in all spin-isospin combinations. This implies
that the number of spin-1 pn-SRC pairs should be three
times the number of spin-0 pn-pairs, (and, by symmetry,
spin-0 pp- and nn-pairs), due to the three possible projec-
tions of the spin-1 state. Simple counting would suggest
a ratio of pn to pn+pp pairs of (Ns=0pn +N
s=1
pn )/(2N
s=0
pp +
Ns=0pn +N
s=1
pn ) = (1 + 3)/(2 + 1 + 3) = 2/3.
For completeness, Fig. 3 (left panel) also shows the
results of the recent study of pp-SRC by Ref. [10] (blue
triangles). The data are compared with the same GCF
calculations that well-reproduce both pn and pp chan-
nels. The large predominance of pn-SRC pairs shown
in Fig. 3 (right panel) makes it clear that even a small
probability of SCX reactions would lead to a sizable pop-
ulation of the measured 12C(e, e′pp) events originating
from breakup of pn-SRC pairs. Therefore, the consis-
tency of both 12C(e, e′pn) and 12C(e, e′pp) data with the
GCF calculations (1) confirms that all measured high
missing-momentum protons belong to either pp- or pn-
SRC pairs and (2) supports SCX corrections applied in
the 12C(e, e′pp) analysis of Ref. [10].
To conclude, we report on new measurements of the
12C(e, e′pn) reaction at very high missing-momentum.
The data are compared with both recent 12C(e, e′pp)
measurements and GCF calculations. The agreement of
the same GCF calculation with both 12C(e, e′pn) and
12C(e, e′pp) data indicates that within the uncertainty of
the data, the measured reactions are dominated by in-
teractions with 2N -SRC pairs and that reaction effects
such as SCX, which has a large impact on the 12C(e, e′pp)
channel but a small impact on the 12C(e, e′pn) channel,
are accurately modeled.
The combination of all data and calculations con-
firms the observation of a transition of the NN inter-
action from a tensor-dominated region around relative
momenta of 400 MeV/c to a predominantly scalar inter-
action around 800 MeV/c, validating the use of the NN
interactions examined here in modeling of dense astro-
physical systems such as neutron stars. Future exten-
sions of the GCF to three-nucleon correlations as well as
forthcoming measurements [64] of three-nucleon knock-
out reactionsA(e, e′pNN) will allow similar studies of the
short-distance three-body interactions that are needed
for a complete description of neutron stars [65].
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